ABSTRACT The effect of dietary lipids on the fatty acid (FA) profile of cows' milk fat is mainly dependent on digestive processes and mammary gland uptake and metabolism of FA. The objective of this study was to determine the separate effects of high arterial concentrations of 16:0, 18:0 and cis-18:1(n-9) on uptake, synthesis and 18:0 desaturation rate in the mammary gland of lactating dairy cows, via arterio-venous differences and mammary gland balance of FA. In a 4 1 4 Latin square, four lactating Holstein cows with cannula in the proximal duodenum were infused duodenally with a mixture providing daily 0 (C treatment) or 500 g FA with mainly 16:0 (P treatment), 18:0 (S treatment) or cis-18:1(n-9) (O treatment). Significantly higher arterial concentrations of infused FA in arterial plasma nonesterified FA and triglycerides (NETGFA) were observed with P and O treatments, but the effect of the S treatment was much lower. Arterio-venous differences of NETGFA increased with arterial concentrations. The number of synthesized FA in the mammary gland was not significantly affected by duodenal infusion of FA. Mean chain length was significantly reduced by P and O treatments, suggesting an effect of mammary gland uptake of long-chain FA on the termination process of mammary gland synthesis of FA. Across all treatments, 4:0 mammary gland balance increased linearly (r Å 0.67, P Å 0.004) with mammary gland FA uptake. Mammary gland desaturation of 18:0 to cis-18:1(n-9) averaged 52% and was not significantly affected by treatments, but was reduced by trans-18:1 mammary gland uptake. Uptake, synthesis and desaturation of FA by the mammary gland of dairy cows are affected by arterial concentrations of 16:0, 18:0 and cis-18:1(n-9). J. In vitro, Hansen and Knudsen (1987a, 1987b) showed that Modifications of the FA profile of cows' milk fat can be FA extracted from the plasma interact with de novo synthesis. drawn through the diet, which provides both precursors of In vivo, using radioactive FA in goats, Annison et al. (1967) synthesis and part of plasmatic FA. However, large ruminal showed that FA that are taken up can be modified because biohydrogenation of unsaturated FA results in strong differdesaturation of 18:0 to cis-18:1(n-9) can occur. ences between dietary and milk FA profiles (Steele and Moore Our experiment used arterio-venous differences of individ-1968). These manipulations of FA can lead to better organoual FA to specifically study their mammary gland balance via leptic properties such as butter spreadability (Banks et al. comparison between arterial FA uptake and FA exportation 1980) or better dietetic characteristics, by increasing cisinto milk fat. Modifications of arterial concentrations and 18:1(n-9) and decreasing 16:0 (O'Donnell 1993). Present equilibrium of FA were obtained by continuous duodenal infusion of 16:0, 18:0 or cis-18:1(n-9) in a nearly pure form to avoid interaction effects.
Fatty acids (FA) 3 of cows' milk have two main origins. FA knowledge on the mammary metabolism of FA in dairy cows with 12 carbons or less, most of 14:0 and about 50% of 16:0 are is mostly based on the effects of dietary or infused lipids on synthesized in the mammary gland from acetate and butyrate milk fat composition, so that mammary gland effects can be produced by the ruminal degradation of dietary carbohydrates confounded with digestion effects, or with effects of FA metab- (Smith 1980) . A minor part of 14:0, about 50% of 16:0 and olism in other tissues. Moreover, most studies used natural all 18-carbon FA are extracted from the arterial blood. Further, sources of fat containing many different FA. Few papers conextracted or synthesized FA are incorporated into milk triglyccerned direct studies of the mammary gland metabolism of FA. erides (TG) .
In vitro, Hansen and Knudsen (1987a, 1987b) showed that Modifications of the FA profile of cows' milk fat can be FA extracted from the plasma interact with de novo synthesis. drawn through the diet, which provides both precursors of In vivo, using radioactive FA in goats, Annison et al. (1967) synthesis and part of plasmatic FA. However, large ruminal showed that FA that are taken up can be modified because biohydrogenation of unsaturated FA results in strong differdesaturation of 18:0 to cis-18:1(n-9) can occur. ences between dietary and milk FA profiles (Steele and Moore Our experiment used arterio-venous differences of individ-1968). These manipulations of FA can lead to better organoual FA to specifically study their mammary gland balance via leptic properties such as butter spreadability (Banks et al. comparison between arterial FA uptake and FA exportation 1980) or better dietetic characteristics, by increasing cisinto milk fat. Modifications of arterial concentrations and 18:1(n-9) and decreasing 16:0 (O'Donnell 1993) . Present equilibrium of FA were obtained by continuous duodenal infusion of 16:0, 18:0 or cis-18:1(n-9) in a nearly pure form to avoid interaction effects.
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naire, Dé partement É levage & Produits, Laboratoire d'Alimentation, 31076 Toulouse Cedex, France, email:f.enjalbert@envt.fr Cows, diets and experimental procedures. All procedures for this 3 Abbreviations used: C, control; FA, fatty acids; NEFA, nonesterified FA; NETstudy complied with the Guide for the Care and Use of Laboratory GFA, NEFA and FA from triglycerides; O, oleic; P, palmitic; S, stearic; TG, triglycerides.
TABLE 1
On d 10 of each period, during the evening milking, a sample (200 mL) was collected and stored at 020ЊC until analysis.
Ingredient and chemical composition of diet (dry matter basis)
Arterial blood is considered to be sufficiently mixed so that it may be obtained from any source; coccygeal vessels were used because of venous blood (Cant et al. 1993a France) as an internal standard. They were quantified, according to
the procedure of Wu et al. (1991) , by gas-liquid chromatography (Dani GC 1000, equipped with flame-ionization detector and split injector; Viale Elvezia, Monza, Italy). The column was a fused silica capillary (SP-2340, 30 m 1 .32 mm i.d.; Supelco Inc., Bellefonte, kg, mean time in milk at the beginning of experiment 100 d) fitted PA). Temperature was 160ЊC for 10 min and then increased by 3ЊC/ with a duodenal cannula were used in a 4 1 4 Latin square. The Tmin until 180ЊC. This method does not allow separation of different type duodenal cannula was 100 to 150 mm distal to the pylorus.
positional isomers of trans-18:1. Surgery was performed in a sterile environment under general anesMilk FA were analyzed with the procedure used for FA in feedthesia (Xylazine; Rhône Mérieux, Lyon, France). Cows received antistuffs, and a second analysis was performed for 4:0 and 6:0 determinabiotic treatments during the 5 d following surgery.
tions, with an initial temperature of 72ЊC increased by 4ЊC/min until Cows were housed and milked in individual tie stalls in an envi-180ЊC. ronmentally controlled research barn: They were fed a diet containing Plasmatic FA taken up from arterial blood by mammary gland 650 g of forage, 340 g of concentrate and 10 g of mineral-vitamin tissues are TG and nonesterified FA (NEFA). TG are hydrolyzed in mix/kg dry matter. Cows were fed twice daily at 0800 and 2000 h. the capillaries before uptake of FA by mammary gland cells, and part Amounts of feed offered in a limited amount were individually adof NEFA resulting from this hydrolysis can occur in the venous efflujusted to meet energy and protein requirements according to actual ent of NEFA. For this reason, as outlined by Cant et al. (1993b) , we production; fresh water was provided for ad libitum consumption. measured together NEFA and FA from TG (NETGFA), in arterial Details of ingredients and chemical composition of the diet are preand venous plasma. sented in Table 1 .
To quantify and analyze the FA profile of plasma NETGFA, lipids Three fat mixtures were prepared with three sources of free FA were extracted from arterial and venous plasmas using chloroform/ (Henkel KGaA, Düsseldorf, Germany). Major FA were palmitic (P methanol (2:1 v/v), and trinonadecanoin (Sigma-Aldrich Chimie) treatment), stearic (S treatment) and oleic (O treatment) acids (Tawas added as an internal standard. Phospholipids, NEFA, glycerides ble 2). Daily infusion solutions were prepared with 5 g of xanthan and cholesteryl esters were separated by thin layer chromatography gum (Rhodigel E415, Rhône Poulenc, Paris, France) to suspend the as described by Lepage and Roy (1988) with a solvent system con-FA, mixed in 2.5 L water at 6000 rpm for 1 min (Ultraturax T50, sisting of petroleum ether/diethyl ether/acetic acid (80:20:1, v/v/v). Ika Werke, Staufen, Germany). In this gel, 12.5 g of crude soy lecithin After migration, silica was scraped on bands corresponding to NEFA (L. Meyer, France SA, Le Blanc Mesnil, France) was added. The control (C) infusion contained xanthan gum and soy lecithin, but no added FA. For treatment infusions, 500 g of FA was added and homogenized (10,000 rpm, 2 min). Mean FA particle size was 80 mm
TABLE 2
for the P and S suspensions, and mean droplet size was 15 mm for the O suspension.
Main fatty acids composition of fat mixtures infused Because of diarrhea during the first day of infusion in cows receivinto the duodenum ing O treatment, loperamide hydrochloride (Imodium, Janssen-Cilag S-A, Boulogne Billancourt Cedex, France) was added to the O infuDuodenal infusion sion at a lower dosage (15 mg/d) than previously described in calves, i.e., 0.1 mg/kg of body weight (Fioramonti and Bueno 1987) . Diarrhea (Winer et al. 1991) . Regression was used to assess the relationship between mammary gland uptake and balance of FA. The regression infused into the duodenum was observed. This trend was supequation representing the relationship between mammary gland upported by the regression between arterial concentration of take of 18:0 and mammary gland balance of cis-18:1(n-9) was forced NETGFA as an independent variable and the arterio-venous through the origin. Significance was declared at P õ 0.05.
difference of NETGFA. The relationship between these two variables had a quadratic component, with the slope representing the rate of extraction of arterial NETGFA increasing with RESULTS arterial concentration (Fig. 1) . Dry matter intake, milk production and milk fat content.
Mammary gland uptake. Uptake of plasma total NETGFA Diet consumption was complete with all treatments. Duodenal was higher with duodenal infusion of FA (Table 4) , but the infusion of FA did not modify milk production (23.3, 25.1, effect was not significant with S treatment. The uptake of 16:0 24.5 and 21.3 L/d with treatments C, P, S and O respectively).
was higher by 40.6 mmol/L of milk with P treatment, and the uptake of cis-18:1(n-9) was higher by 37.6 mmol/L of milk with Milk fat content tended (P Å 0.086 to be higher with P and Plasma concentrations. Arterial concentrations of NET-GFA were in the range of values frequently reported. When results of literature separately express TG and NEFA, conversion using NETGFA Å NEFA / 3TG is needed to compare with our findings. Previously reported values are 500-900 mmol/L (Choi and Palmquist 1996) , 450-600 mmol/L (Cant et al. 1993b ), or 500-700 mmol/L (Miller et al. 1991b ). The effect of fat supplements on plasma TG and NEFA has been studied. Choi and Palmquist (1996) recently observed higher concentrations of TG and NEFA in the plasma of cows receiving 30 to 90 g/kg diet of supplemental fat as calcium soaps of FA. In the same manner, Gagliostro et al. (1991) observed significantly higher plasma TG and NEFA in midlactation cows after duodenal infusion of rapeseed oil. Such a rise in arterial NETGFA was observed in our trial, but it was not significant, because of substantial variability. We did not separate NEFA from TG, so it is difficult to ascertain whether this observed trend toward higher arterial concentration of NETGFA was due to NEFA, TG or both. Large concentrations of plasma NEFA can be expected when cows are in negative energy balance, which was not the case in our study because diet consumption was always complete due to distribution in as reported in previous papers, both higher arterial NEFA and TG values were probable in our infused cows. O treatment. Effect of S treatment on 18:0 uptake was much This higher concentration of plasma NETGFA was due to lower (/10.9 mmol/L of milk, P Å 0.055).
infused individual FA as attested by significant rises in 16:0 Mammary gland balance. Effects of FA infusion were not with P treatment, 18:0 with S treatment and cis-18:1(n-9) and significant because of great variability. When FA were infused 18:2(n-6) with O treatment. S treatment produced higher 18:0 into the duodenum, P treatment produced significantly higher concentration by only 76 mmol/L, whereas P and O treatments 4:0 balance, but O and S treatments only resulted in a trend produced higher 16:0 and cis-18:1(n-9) by 186 and 151 mmol/ toward higher 4:0 balance (P Å 0.108 and P Å 0.126, respec-L, respectively. The slight effectiveness of 18:0 infusion on tively). O treatment tended to lower balance of 14:0 (P Å 18:0 arterial concentration cannot be explained by desatura-0.114) and 16:0 (P Å 0.092). Lower mean chain length of tion of absorbed 18:0 in the intestinal mucosa, because only synthesized FA was significant with P and O treatments. Bal-7 to 9% of 18:0 is desaturated by enterocytes (Bickerstaffe et ances of 18:0 and cis-18:1(n-9) were opposite, resulting from al. 1972), so that cis-18:1(n-9) was not significantly higher in the mode of determination. These balances reflected the imarterial plasma NETGFA with S treatment. Lower digestibility portance of the desaturation of 18:0 taken up in the plasma of infused 18:0 compared with cis-18:1(n-9) or 16:0 could exto cis-18:1(n-9), and the desaturation rate was not lowered (P plain low effects of S treatment on arterial 18:0. In most experi-Å 0.58) with S treatment. ments, intestinal digestibility of 18:0 is high (Steele 1983 , Wu Some correlation coefficients between mammary gland apet al. 1991), but when duodenal flow of 18:0 increases from parent uptake of FA and mammary gland balance of FA or 170 to about 400 g/d, digestibility decreases from 73 to 45% desaturation rate were significant ( Table 5) . They confirm (Ferlay et al. 1993) . Rapid incorporation of absorbed 18:0 into lowered synthesis of 16:0 when high amounts of cis-18:1(n-9) tissues could be another explanation. Such differential effects are taken up. Mammary gland balance of 4:0 was positively of fat on individual FA of plasma TG were observed by Marty correlated with the uptake of total FA (Fig. 2) or with 16:0 and Block (1992), with supplemental calcium soaps of palm uptake, as did 6:0 balance. Mean chain length of synthesized oil FA providing dietary 16:0 and cis-18:1 (n-9). Ruminal bio-FA was lowered when the uptake of total FA was high (Fig. hydrogenation of cis-18:1(n-9) from such salts is known to be 3). Balance of cis-18:1(n-9) was positively correlated with the substantial (Enjalbert et al. 1997 ) so that duodenal flow was uptake of 18:0 (Fig. 4) , and the desaturation of 18:0 was lowmostly enriched with 16:0 and 18:0. However, plasma TG ered when trans-18:1 uptake was high (Fig. 5) .
concentration of 16:0 was lowered, but 18:0 was not affected. Mammary gland uptake. Arterio-venous differences of to-DISCUSSION tal TG and NEFA have been reported to depend on arterial concentrations, with very different slopes among authors. Cant As expected, we observed a specific improvement of arterial et al. (1993b) , Gagliostro et al. (1991) and Miller et al. concentration and mammary gland uptake of the infused FA (1991a), found slopes of 0.29, 0.68 and 0.81, respectively, for for P, S and O treatments. This made possible the study of TG, and 0.21, 0.48 and 0.30 for NEFA, but these authors effects of each FA on the mammary gland metabolism of FA, did not explore the quadratic relationship between arterial without interactions, and validates our experimental model. concentration and arterio-venous differences. Such a relationMoreover, our methodology is independent of effects of digestship could however be expected from the figure of Cant et al. ibility or milk yield because we used only arterio-venous concentration differences and milk FA concentrations.
(1993b), and high extraction rates when arterial concentra- tions are high were outlined by Gagliostro et al. (1991) . This ment were higher for 18 C FA, with a particularly high value for trans-18:1, as observed by Thompson and Christie (1991) quadratic relationship can explain differences of slopes reported by different authors when only linear relationship was in cows receiving a diet without added fat. Extractions in this study were higher than in our experiment, but they were tested, because arterial concentrations of TG and NEFA were different among studies. measured only on FA from TG. These different patterns of mammary gland uptake among FA may be due to positions of Extraction rates of individual FA in cows receiving C treat- FA in plasma TG. Indeed, it was observed in sheep that TG modification of lipoprotein lipase activity was described in from very low density lipoprotein show a marked accumulation adipose tissue of fat-supplemented steers (Yang et al. 1978a ), of 18:0 and trans-18:1 in positions sn-1 and sn-3, whereas 14:0 but because neither TG nor NEFA was measured in this experand 16:0 are more prevalent in position sn-2 (Christie et al.
iment, only a high NETGFA concentration can be hypothe-1984, Christie and Moore 1971). As observed for total NETsized to be the cause. GFA, extraction rates of 16:0 and 18:0 were higher when Mammary gland synthesis of FA. Biosynthesis of FA with duodenal infusions increased their arterial concentration.
less than 18 C can be measured through mammary gland balWe postulate that higher plasma concentrations of NETance, because oxidative degradation of FA is negligible in the GFA enhance the activity of mammary gland lipoprotein limammary gland (Annison et al. 1967 ). In our experiment, pase, resulting in a greater extraction of FA from TG, and a FA duodenal infusion did not affect the total number of FA reduced impact of the position of FA on plasma TG. Such a synthesized by the mammary gland, suggesting no effect on initiation of FA synthesis. chain acyl-CoA for esterification at the sn-2 and sn-3 positions On the contrary, balance of individual FA was modified by of glycerol. uptake of FA in the mammary gland (Table 4) . Biosynthesis As a consequence of these different modifications of indiof 4:0 was significantly enhanced when FA were infused into vidual FA, mean chain length of synthesized FA was signifithe duodenum, but pairwise comparisons only showed a sigcantly lower with P and O treatments (Table 5 , Fig. 3 ), sugnificant difference between C and P diets. A similar trend (P gesting a modification of the termination process during the Å 0.147) was observed with 6:0. This higher biosynthesis was synthesis of FA. confirmed by a significant correlation between total FA mamAs expected, because trans-18:1 is neither synthesized nor mary gland uptake and balance of 4:0 (Table 5, Fig. 2) or oxidized in the mammary gland, mammary gland balance of 6:0. An enrichment in 4:0 was observed in vivo with fatthis FA was not significantly different from 0 (P Å 0.22, Stusupplemented diets (Banks et al. 1990, Beaulieu and Palmquist dent t test) . No relationship was found between mammary 1995) or in vitro on dispersed bovine mammary gland cells gland uptake of trans-18:1 and apparent synthesis of FA. This with palmitate or oleate addition (Hansen and Knudsen result contrasts with previous reports with much greater appar1987b). Barbano and Sherbon (1980) suggested that a large ent uptakes of trans-18:1 as attested by high levels of this FA diglyceride pool of high molecular weight resulting from incorin milk fat (Banks et al. 1990 , Wonsil et al. 1994 ). poration of long-chain FA taken up in the plasma might result Apparent mammary gland balance of 18:2 was positive (P in a larger output of 4:0 to maintain fluidity of milk fat at Å 0.001, Student t test). A trend toward higher proportions body temperature. Such a compensatory effect is expected to of 18:2 in milk fat derived from blood lipids than in plasma TG be more important with 16:0 or 18:0 than with cis-18:1(n-9), has been reported (Yang et al. 1978b) . Because desaturation of which has a low melting point, as short-and medium-chain 18:1 to 18:2 is not possible in cows, this low apparent balance FA. This trend was confirmed by our study because correlations could be due to a slight mammary uptake of plasma cholesteryl between 16:0 or 18:0 uptakes and 4:0 balance were higher esters by the mammary gland (Gagliostro et al. 1991) . The than correlations between cis-18:1(n-9) uptake and 4:0 balcholesteryl esters contain much more 18:2 than 18:0 or 18:1 ance (Table 5) . Therefore, lack of significant effects of S and O (Marchello et al. 1972 ). Consequently, their contribution to treatments on 4:0 mammary gland balance may have divergent 18:0 and 18:1 mammary gland uptake is low, so that the validexplanations: low biological effect of cis-18:1(n-9) for O treatity of our method for determination of mammary gland uptake, ment, and insufficient augmentation of 18:0 uptake with S based only on plasma TG and NEFA, remains good. treatment.
Mammary gland desaturation. Desaturation of 18:0 to cisIn apparent contrast to our work, most studies observed 18:1(n-9) in the mammary gland was about 52% of uptake lowered milk 6:0 to 12:0 when diets containing supplemental (Table 4 , Fig. 4) . Noble et al. (1969) with dietary 18:0 showed fat were fed to cows. Proportions of FA in milk fat are generally that increase in total milk 18:1 was 1.5 times the change expressed as weight percentages of total FA, which behave in 18:0, suggesting desaturation of about 60% of added 18:0. differently from results expressed as mol/L when fat is added Because part of this desaturation is known to occur in the to the diet. First, higher milk fat content frequently observed duodenal mucosa, these results are compatible with our findwith fat-supplemented diets produces higher results expressed ings. From these results, it is expected that, when mammary as mol/L, but has no effects on results expressed as g/100 g of gland uptake of 18:0 is high, half of the additional uptake of total FA. Second, when a long-chain FA from dietary origin 18:0 will be converted to cis-18:1(n-9), so that the ratio of cisis incorporated into milk fat, two or three short-chain FA are 18:1(n-9) to 18:0 in milk fat will draw nearer to 1, when the needed to keep the weight percentage unchanged, whereas usual ratio is more than 2 (Jensen et al. 1991). only one short-chain FA is needed to keep molar percentage Effects of infused FA on mammary gland desaturation were unchanged. As a consequence, expression on a weight basis not significant, and uptake of 18:0 in 23-35 mmol/L of milk results in lowered short-chain FA percentages compared with had no effect. Because of the low increase in 18:0 mammary expression as molar percentages. Due to the mode of expresgland uptake with S treatment, effect of higher uptakes could sion, these discrepancies can be illustrated by 8:0 concentranot be investigated. An inhibitory effect of cis-18:1(n-9) uption in our experimentation. When expressed as mmol/L, the take on desaturase activity could be expected from the results concentration of this FA in milk fat was higher by 15% in of Bickerstaffe and Annison (1970) who observed, in vitro FA-infused cows (3.4 for P, S and O treatments vs. 3.0 for C on goat-isolated mammary tissue, that cis-18:1(n-9) strongly treatment). On the contrary, when expressed as g/100 g of fat, inhibited the desaturation of 18:0. However, Christensen et respective values were lowered by 7% due to FA infusion (1.1 al. (1994) and LaCount et al. (1994) showed that abomasal for P, S and O treatments vs. 1.2 for C treatment).
infusion of large amounts of cis-18:1(n-9) results in insignifiMoreover, variations in short-and medium-chain FA are cant reduction of 18:0 in milk fat, suggesting that desaturation poorly correlated to dietary fat addition due to influence of of 18:0 is not reduced by cis-18:1(n-9) uptake. The inhibition precursor production by ruminal digestion (Hermansen 1995) .
of 18:0 desaturation observed in vitro by Bickerstaffe and AnConsequently, comparison of our results, obtained with duodenison (1970) was relieved by glycerol-phosphate or particlenal infusion, with most results of literature, obtained with free supernatant, which could explain discrepancies between dietary addition, is difficult. When results are converted to in vivo and in vitro results. mol/L milk, abomasal infusion of FA tended to produce higher Mammary gland desaturation of 18:0 was lowered by uptake proportions of short-and medium-chain FA (Drackley et al. of trans-18:1 (Table 5 , Fig. 5 ). Such a trend was not observed 1992) as in our work.
in cows by Gaynor et al. (1994) after abomasal infusion of Mammary gland synthesis of 14:0 and 16:0 was affected trans-18:1 FA, but was observed in rat-liver microsomes (Mhadifferently by treatments, but great variability resulted in sigfouz et al. 1980 ). nificant differences. A significant negative correlation was
In conclusion, our results suggest that increasing arterial found between cis-18:1(n-9) uptake and 16:0 balance, as exlong-chain FA affects mammary gland metabolism of FA. Uppected from in vitro results of Hansen and Knudsen (1987b) . take of NETGFA increased more rapidly than arterial concenThese authors explained this effect by the proposal that cistration, synthesized FA had lower mean chain length, but the desaturation rate of 18:0 was little affected. Together with 18:1(n-9) competes with newly synthesized short-or medium-
